Top-down mass spectrometry holds tremendous potential for the characterization and quantification of intact proteins, including individual protein isoforms and specific posttranslationally modified forms. This technique does not require antibody reagents and thus offers a rapid path for assay development with increased specificity based on the amino acid sequence. Top-down MS is efficient whereby intact protein mass measurement, purification by mass separation, dissociation, and measurement of product ions with ppm mass accuracy occurs on the seconds to minutes time scale. Moreover, as the analysis is based on the accurate measurement of an intact protein, top-down mass spectrometry opens a research paradigm to perform quantitative analysis of "unknown" proteins that differ in accurate mass. As a proof of concept, we have applied differential mass spectrometry (dMS) to the top-down analysis of apolipoproteins isolated from human HDL 3 . The protein species at 9415.45 Da demonstrates an average fold change of 4.7 (p-value 0.017) and was identified as an O-glycosylated form of apolipoprotein C-III [NANA-ð2 → 3Þ-Gal-βð1 → 3Þ-GalNAc, þ656.2037 Da], a protein associated with coronary artery disease. This work demonstrates the utility of top-down dMS for quantitative analysis of intact protein mixtures and holds potential for facilitating a better understanding of HDL biology and complex biological systems at the protein level.
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quantitative proteomics | Fourier-transfrom mass spectrometry | electron transfer dissociation | top-down proteomics | posttranslational modifications I n nature, mammalian proteins exist as multiple isoforms that are derived from variations in the genetic code, alternate splicing and processing events, and posttranslational protein modifications. The quantification of proteins and protein isoforms in biological systems is central to expanding the understanding of protein function. Antibody-based assays, such as the enzymelinked immune-sorbent assay and the Western blot assay, are the primary tools used to quantify proteins in the laboratory. In many cases, these tools can provide exquisite sensitivity and selectivity due to the availability of well-characterized antibody reagents that have been carefully developed to selectively bind to specific proteins or protein isoforms. A limitation of antibodybased methods is the significant time and effort that is required to generate reagents for each protein studied. When large numbers of proteins or protein isoforms need to be quantified in a single experiment, methods that depend on the availability of selective antibody reagents become impractical.
Mass spectrometry based proteomics has led to the development of established platforms that can detect, identify, and quantitate thousands of proteins without the use of selective antibody reagents (1, 2) . The majority of these techniques utilize proteolytic enzymes (e.g., trypsin, aspN, and Lys-C) to digest intact proteins into short peptides that are ideally suited for analysis by mass spectrometry. Collectively, these approaches have been described as "bottom-up" proteomic methods and have been shown to provide rich datasets comprised of thousands of peptide sequences that can be matched to sequences contained in protein databases (3) . The routine analysis of mixtures of tryptic peptides by tandem mass spectrometry has resulted in the publication of a wide variety of bottom-up applications that include sequence analysis of complete genomes (4, 5) by multidimensional protein identification using strong cation exchange or isoelectric focusing, compositional analysis of the major components of highdensity lipoprotein (HDL) by spectral counting (6) , quantitative analysis of metastatic prostate cancer cell lines using stable isotopes (7), and quantitative analysis of plasma and cerebrospinal fluid by differential mass spectrometry (8) . It is important to recognize that because bottom-up methods measure peptides, and not proteins, the data may sometimes be degenerate and cannot distinguish between multiple protein isoforms or distinct proteins that share a common peptide sequence.
Kelleher et al. have pioneered "top-down" proteomic techniques that characterize intact proteins without the use of enzymatic digestion (9, 10) . Top-down methods provide a complementary and particularly promising approach for characterizing proteins that may exist in multiple forms (11) . In a typical top-down experiment, proteins are introduced into the mass spectrometer directly, separated on the basis of their mass-to-charge ratio and then sequenced from acquired tandem mass spectra. Successful protein sequencing can be achieved only when cleavage occurs more or less randomly at the amide backbone and once per molecule so that a complete distribution of amide backbone cleavage is observed in the corresponding tandem MS spectrum. Classical threshold dissociation methods [collisionally assisted dissociation (CAD) and infrared multiphoton dissociation] often fail in this regard (12, 13) . Newer low-energy electron-based dissociation methods electron capture dissociation (ECD) described by Zubarev and co-workers (14) and electron-transfer dissociation (ETD) described by Syka and co-workers (15) have opened opportunities for intact protein characterization as the cleavage of the N-Cα bond often occurs in a sequence independent manner and preserves posttranslational modification (PTMs) (12) . Recently, with the introduction of commercial instrumentation that combines high-mass resolution and accurate mass measurement capabilities with electron-transfer dissociation, it is now possible for industrial laboratories to acquire high-resolution full-scan and ETD-MS/MS tandem mass spectra for intact proteins with molecular weights in the range of 5-50 kD (16) .
Differential mass spectrometry (dMS) is a general proteomics workflow that provides relative quantitation from full-scan mass spectrometry data (17) (18) (19) . Here, we set out to establish topdown dMS capabilities that combine the advantages of intact protein analysis with quantitation from full spectrum mass spectrometry data (Fig. 1) . As a proof-of-concept, we applied dMS to the top-down analysis of HDL isolated from patients having high and low HDL-cholesterol (HDL-c) levels. HDL is one of five major classes of lipoprotein particles in humans. Elevated levels of HDL-c, aka "good cholesterol," is associated with reduced risk of coronary artery disease and hypothesized to be cardioprotective in humans; however, the mechanisms are unknown (20) (21) (22) (23) (24) .
Many HDL-associated proteins have molecular weights below 30 kDa and thus are ideally suited for study by top-down mass spectrometry. Here we show that dMS reveals several proteins quantitatively different in the samples analyzed, one of which is a protein at 9,415.45 Da that exhibited an increased abundance in donors having low HDL-c. Protein identification and characterization of the intact protein was achieved via ETD liquid chromatography (LC)-MS/MS data generated on a commercially available high-resolution mass spectrometer and analysis by automated computer-based tools. The intact protein at 9,415.45 Da was identified by mass spectrometry as an O-glycosylated form of apolipoprotein C-III [NANA-ð2 → 3Þ-Gal-βð1 → 3Þ-GalNAc, þ656.2037 Da], a protein associated with coronary artery disease (25) and demonstrates a unique and potentially promising approach for studying the distribution and function of discrete protein isoforms. Collectively these results exhibit the utility of top-down dMS for quantitative analysis of intact protein mixtures and reveal the potential that these antibody-free methods have for expanding the current understanding of HDL biology and complex biological systems at the protein level.
Results and Discussion
Top-Down dMS. Differential mass spectrometry has been successfully applied for the relative quantitation of complex peptide mixtures (17, 18) . To adapt dMS to the analysis of intact protein mixtures, two primary requirements to retain are a reproducible biochemical sample processing method and a robust LC-MS analysis. Hence, we selected the analysis of HDL 3 from human plasma for a proof of concept as the lipoprotein particles are readily isolated from human plasma via density gradient ultracentrifugation and entail only disulfide bond reduction and HPLC desalting before LC-MS analysis. In addition, LC-MS parameters were adjusted to accommodate intact proteins (i.e., C8 stationary phase instead of C18), and instrument acquisition parameters were optimized for higher charge state analytes (i.e., increased to 100,000 resolving power, tube lens voltage increased, etc.). These modifications allowed for a reproducible analysis of more than 40 technical replicate HDL 3 samples with a median percent coefficient of variation of approximately 36% [details provided in SI Methods]. Shown in Fig. 2 is an example composite high-resolution electrospray ionization (ESI) mass spectrum generated by combining multiple mass spectra acquired over a short time The FTMS data are processed to detect mass spectral features that exhibit a statistically significant difference in abundance between the groups of samples. At this stage, the intact protein isoforms have been quantified and the accurate molecular weight is able to be determined. The samples are reanalyzed and the ETD capability of the Orbitrap-XL-ETD mass spectrometer is used to acquire high-resolution product ion spectrum for the selected protein feature. The resulting high-resolution ETD spectrum contains c and z type fragment ions that are specific to the amino acid sequence and posttranslational modifications of the intact protein. ProSightPC, a software suite tailored for the characterization of intact protein data, is used to interpret the ETD spectrum and return protein identification and posttranslational modification data. Tandem MS (MS/MS) experiments are required, however, for unambiguous identification. Because dMS is a semiquantitative technique based on the comparative analysis of integrated signal intensities for a particular analyte (aka feature, as defined by m∕z and retention time) across multiple samples, we wanted to test instrument response across a range of analyte concentrations using apolipoprotein C-III as an example. As shown in Fig. 3 , standard addition of purified apolipoprotein C-III into technical replicates of HDL 3 isolated from human plasma was performed to ensure a linear instrument response from the 100 nM to 100 μM range.
To demonstrate the utility of top-down dMS in finding relative changes in protein abundance, multiple human subjects having relatively low (avg: 44 mg∕dL, N ¼ 3) and high (avg: 74 mg∕dL, N ¼ 3) HDL-c measurements were chosen with the expectation that they would possess bona fide protein differences for dMS detection. All subjects were healthy, middle-aged donors with clinical characteristics as shown in Table 1 . HDL 3 (d ¼ 1.13-1.21 g∕mL) was isolated by density gradient ultracentrifugation of freshly acquired EDTA plasma, and samples were normalized for total protein concentration prior to LC-MS analysis. The HDL 3 subfraction was chosen because of its atheroprotective potential and has been extensively characterized in many laboratories using proteomics, including stable isotope dilution mass spectrometry and bottom-up techniques (6, (26) (27) (28) .
Each individual HDL 3 sample was split into three technical replicates (total of 18 samples) to increase the statistical power of the analysis. In addition, all samples were prepared and profiled by LC-MS in a single block (i.e., all samples were analyzed nonstop by LC-MS, with interleaved quality assurance/quality control (QA/AC) samples every six HDL injections) to minimize instrument drift and variability; the time from sample preparation to profiling completion was <1.5 days. Instrument stability was determined from peak area under curve (AUC) and retention times of interleaved QA/QC samples (i.e., three peptide mixture and trypsin-digested conalbumin samples). The measured peak AUCs of these standard samples are consistent with an instrument variability of <5% CV with a maximum fold change of <1.2 over the course of the entire experiment. Additionally, retention times of these same monitored standard samples are consistent with a maximum retention time shift of less than 0.61 min, which is then further corrected for by the alignment algorithm in the data analysis software. This instrument reproducibility, together with overall platform variability (estimated at 36% coefficient of variation), was acceptable for dMS analysis.
dMS analysis revealed multiple statistically significant differences in protein abundance. Of the 96,235 features detected (where a feature is defined as distinct m∕z within a restricted retention time window, i.e., an observed isotope peak), approximately 380 demonstrated statistically significant changes in protein abundance between high HDL-c and low HDL-c subject groups at P < 0.02 and filtering as described in Materials and Methods (Table S1 ). Several features of ∼9 kDa were determined to show significant abundance differences across the HDL 3 samples. As an example, shown in Fig. 4 is the dMS quantitation of three forms of apolipoprotein C-III measured in the six patient samples. Interestingly, the three major forms of this protein showed higher abundances, on average, in HDL 3 samples taken from donors with low HDL-c measurements. Protein abundance measurements for each of the three major glycoforms detected can be found in Table S2 .
Apolipoprotein C-III is a major protein component of both apolipoprotein B containing triglyceride-rich lipoproteins and HDL particles and has been extensively studied for function. Apolipoprotein C-III is mainly involved in modulating plasma triglyceride levels by the catabolism of triglyceride-rich particles, but plasma apolipoprotein C-III levels have been suggested to be linked to other conditions associated with metabolic syndrome (29) . Apolipoprotein C-III-containing HDL may play a key role in the prevention of apolipoprotein C-III-induced hypertriglyceridemia (30) . Recently, SELDI-TOF (surface-enhanced laser desorption ionization time of flight) analysis suggests a link between an ion species at m∕z 8,697 of apolipoprotein C-III and papillary thyroid carcinoma (31) . However, SELDI-TOF is a low-resolution technique, requires off-line LC purification, and has shown limited utility in biomarker development (32) . Although it is believed there is a correlation between circulating apolipoprotein C-III levels and atherosclerosis (25) , little is known of the specific functions of each known glycoform. Further top-down dMS High-Resolution Orbitrap-ETD Analysis of Intact Proteins. In the dMS workflow, quantitative changes in protein abundances are first established followed by structural characterization by tandem mass spectrometry (MS/MS) to determine the amino acid sequence of the protein and to identify and to locate posttranslational modifications. ETD is a recently developed fragmentation technique that is highly efficient, compatible with the chromatography time scale, and allows for extensive fragmentation of protein species while preserving labile posttranslational modifications, including phosphorylation and glycosylation, O-GlcNac, and nitrosylation (12, 35) . ETD has recently become available on a commercial high-resolution instrument (Orbitrap-XL with ETD capabilities), thus opening up the opportunity to characterize intact proteins ions by LC-MS and enabling charge state determination and accurate mass assignment for product ions from LC-MS/MS spectra. High-resolution Orbitrap-ETD experiments confirmed the identity and posttranslational modifications of the apolipoprotein C-III. Shown in Fig. 5B is the high-resolution ETD-MS/MS spectrum of the ðM þ 9HÞ 9þ ions at m∕z ¼ 1; 047.7253, which allows the definitive identification O-glycosylated form of apolipoprotein C-III (Δm ¼ 656.2037 Da). ProsightPC v1.0 provided a single protein match (apolipoprotein C-III, accession no. P02656), with an expectation score of 2 × 10 −49 . A total of 35 and 17 matching c and z • ions, respectively, were assigned with an average mass accuracy of 3 ppm. These accurate mass fragment ions localized the O-glycosylation modification to the C-terminal end of this protein between the c 58 and c 77 ions (Asp 59 -Val 77 ) as shown in Fig. 5A , consistent with other findings showing Thr 74 to be the site of modification (36, 37) . Additionally, high-resolution threshold dissociation methods (i.e., CAD) revealed seven and three matching b and y fragment ions, respectively, with the predominant fragmentation being the selective removal of the sugar side chain (−291.09 Da, −656.20 Da), supporting the presence of an O-glycosylation modification (Fig. S1) .
High-resolution Orbitrap ETD performed on other intact proteins within these samples demonstrates a clear advantage over other fragmentation technologies. As an example, the protein apolipoprotein C-I (6626.506 Da, accession no. P02654) produced extensive fragments by ETD, producing 35 and 31 matching c and z • ions, respectively. This represents a sequence coverage of ∼73% (40 of 55 possible bonds broken, 61 total matching ions). In comparison, electron capture dissociation [ECD, on LTQ-FT (Fourier-transform) Ultra instrument] and CAD (on LTQ-Orbitrap instrument) produced 55 (69% coverage) and 23 (38% coverage) total matching fragment ions, respectively (Fig. S2) . The targeted ETD of other HDL-associated proteins revealed improved tandem mass spectra relative to CAD. The information content obtained from these dissociation techniques clearly favors ETD for the analysis of intact proteins.
Conclusion
We have demonstrated the utility of top-down dMS for the detection of quantitative differences in abundance of protein and protein isoforms from human HDL samples. These differences were determined in the presence of a complex background of unchanging proteins and prior to any protein identification efforts. Determining quantitative information for all detectable proteins in these samples allows one to focus on only those proteins that are determined to have statistically significant changes in abundance and thus alleviates one major bottleneck of top-down proteomics, which is the identification and characterization of proteins by tandem mass spectrometry. Moreover, electron-transfer dissociation ETD promises to be a more general fragmentation method for the detailed characterizations of small proteins <30 kDa and associated PTMs. The small sample set used in this experiment was chosen to demonstrate the ability of top-down dMS to detect quantitative differences in intact proteins and thus opens up the paradigm whereby patterns of modifications on a protein or protein isoforms can be correlated with specific activities or functions using a broad profiling platform.
Materials and Methods
Preparation of HDL Samples. Density gradient ultracentrifugation (d ¼ 1.13-1.21 g∕mL) was used to isolate HDL 3 from fresh EDTA plasma essentially as described (38) . Plasma from six individual human subjects was used. A single phlebotomy procedure was performed on each subject. HDL protein concentrations were determined by bicinchoninic acid assay (39) . All samples were prepared for LC-MS analysis by desalting on an HPLC column (octylsilane trap column, Michrom Resources), lyophilized to dryness, and then resuspended in 0.1-M acetic acid (solvent A) containing 10 mM tris (2-carboxyethyl)phosphine (to prevent protein disulfide bond formation). All samples were reconstituted to a total protein concentration of 0.2 mg∕mL.
Apolipoprotein C-III Standard Addition Samples. Purified human apolipoprotein C-III purchased (Academy Biomedical) was first analyzed by direct-infusion Fourier-transform mass spectrometry and then used for standard addition experiments without further preparation. Six known concentrations (0, 0.1, 1, 5, 10, and 100 μmol) of this apolipoprotein C-III sample were spiked into aliquots of prepared HDL 3 samples and processed for mass spectrometric analysis as described below. Three replicates of each spike-in concentration were prepared and analyzed. The peak area under curve for apolipoprotein C-III charge states ðM þ 11HÞ 11þ through ðM þ 7HÞ 7þ were summed and used for establishing a linear curve of signal intensity vs. protein concentration.
Mass Spectrometric Profiling. HDL 3 samples were analyzed by a reverse-phase nano-HPLC coupled to a LTQ-FT hybrid mass spectrometer (ThermoFisher). A 1-μL aliquot of each sample was loop-injected (Agilent Series 1200) onto a Biobasic C8 trap column (1 cm × 75 μm, New Objective) and eluted from a nano-LC column packed with POROS R1 media (6 cm × 75 μm capillary) using a binary gradient increasing from 10% solvent B (0.1 M acetic acid in acetonitrile) to 70% solvent B at a rate of 2%/min (Agilent 1100 series). HDL 3 samples (N ¼ 6) were analyzed in triplicate for a total of 18 LC-MS injections. In addition, 7 QA/QC samples consisting of three peptides (bradykinin, angiotensin, and neurotensin at 100 fmol∕μl in 0.1 M acetic acid) were interspersed between the HDL 3 samples to measure instrument performance throughout the experiment. An interwoven block design was used to eliminate systemic bias due to run order. Intact proteins eluting from the LC column were introduced into the mass spectrometer by electrospray ionization using a 3-kV needle voltage, heated metal capillary temperature of 270°C, and tube lens voltage 80 V. Ion injection times into linear ion trap were adjusted by the instrument automatic gain control (AGC, 1 × 10 7 a:u: setting) with a maximum accumulation time not to exceed 1 sec. Ions were passed to the Fourier-transfrom mass spectrometry (FTMS) cell, and full-scan spectra were acquired approximately every 3 sec. An instrument-resolving power of 100,000 was used for the collection of all full-scan spectra. The .RAW LC-MS data files are posted in the public TRANCHE repository https:// proteomecommons.org/tranche/. High-resolution Obritrap ETD-MS/MS spectra were acquired either by data-dependent acquisition or by targeting a specific m∕z as described in the SI Text.
Differential Mass Spectrometry Analysis of HDL Samples. To identify proteins of interest (as defined by m∕z ratio, intensity and retention time) we used dMS, a label-free LC-MS method for finding ions that exhibit a statistically significant difference in abundance in complex mixtures of peptides or proteins as previously described (8, 17, 18) . Expression profiles generated from the highresolution LC-MS data above were analyzed using the Rosetta Elucidator™ system (version 3.2) (40). The Peak Teller algorithm was used to align, measure, and extract m∕z, retention time, and intensity data for the features contained in the dataset. We selected features readily measured by the mass spectrometer, AUC greater than zero value in all 18 measurements and then exported the data from Elucidator. The statistical analysis was performed on log AUC of the features. To properly distinguish between biological replicates (samples from different subjects) from technical replicates (aliquots of samples from the same subject), we first average the three technical replicates for each feature within each subject. Two-sample t tests were then performed on the three low HDL-c subjects (N ¼ 3) vs. the three high HDL-c subjects, for each feature. Those features with p values lower than 0.02 for two or more isotopes and charge state 2þ or greater were selected (Table S1 ).
Protein Identification and Characterization. ETD-MS/MS spectra were analyzed by ProsightPC v1.0 in order to identify the protein and to characterize posttranslational modifications (41) . Briefly, ETD-MS/MS spectra were deisotoped to generate a list of monoisotopic, neutral fragment masses and then searched against a well-annotated human protein database (Uniprot) consisting of 130,248 protein sequences with known and potential posttranslational modifications to generate a total of 2,985,079 distinct protein forms (887 Mb). ProsightPC searches were performed using 2,000 Da and 20 ppm tolerances for precursor and fragment ion masses, respectively. Expectation values <1 × 10 −5 were manually verified and considered true positive identifications.
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